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1 .  INTRODUCTION 


On  the  modern  battlefield,  weapon  systems  must  shoot  projectiles 
with  a high  degree  of  precision  to  lessen  the  chances  of  enemy  return 
fire.  Ideally,  the  weapon  designer  should  be  capable  of 
quantifying  the  sources  of  dispersion  in  order  to  meet  imposed  pre- 
cision standards.  One  source  of  perturbation  to  the  desired  trajectory 
i«  the  gasdynamic  force  experienced  in  the  weapon  muzzle  blast.  For 
fin- stabilized  projectiles,  dispersion  caused  by  the  blast  environment 
has  been  investigated  1 * 2 ; however,  treatment  of  spin-stabilized 
projectiles  has  been  largely  neglected.  With  the  introduction  of 
novel  boattail  designs3 .there  is  also  interest  in  comparing  the 
sensitivity  to  muzzle  blast  of  the  nonconical  boattail  configurations 
with  the  sensitivity  of  the  conical  boattail  configurations. 

The  present  paper  examines  the  influence  of  muzzle-blast  loadings 
upon  the  trajectory  of  spin- stabilized  rounds.  With  both  conical  and 
nonconical  boattail  configurations,  the  analytical  approach  is  similar  to 
that  used  previously  for  fin- stabilized  projectiles:  namely,  the  most 
significant  gasdynamic  loadings  are  assumed  to  occur  within  the  quasi- 
steady, supersonic  core  of  the  propellant  gas  jet.  Pressure  distribu- 
tions on  the  projectiles  are  estimated  utilizing  steady-state  flow 
theory  and  experiments.  This  procedure  is  not  locally  exact;  however, 
it  produces  a reasonable  estimate  of  the  overall  muzzle-blast-induced 
impulse.  Transverse  angular  and  linear  momentums  imparted  by  the 
blast  are  calculated  for  triangular,  square  and  conical  boattails 
and  used  to  determine  the  contribution  to  the  dispersion  of  155mm, 

M549  type  projectiles. 


1.  E.  M.  Schmidt , K.  S.  Fanaler , and  D.  D.  Shear , "Trajectory 
Perturbations  of  Fin-Stabilized  Projectiles  Due  to  Muzzle  Blast , " 
Journal  of  Spacecraft  and  Rockets , Vol.  14,  No.  6,  June  1977 , 

pp.  339-344. 

2.  K.  S.  Fansler , and  E.  M.  Schmidt,  "Trajectory  Perturbations  of 
Asyrmetric  Fin-Stabilized  Projectiles  Caused  by  Muzzle  Blast, " 
Journal  of  Spacecraft  and  Rockets , Vol.  15,  No.  1,  January - 
February  1978,  pp.  62-64. 

3.  A.  S.  Platou , "An  Improved  Projectile  Boattail,"  bRL  MR  2395, 

US  Army  Ballistic  Research  Laboratories , Aberdeen  Proving  Ground , 
Maryland , July  1974.  AD  785520. 
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II.  ANALYSIS  OF  GASDYNAMIC  LOADS 


Two  distinct  regions  are  considered.  The  first  region  for  which 
a model  is  developed  covers  the  flow  following  exit  of  the  rotating/ 
obturating  band  fron  the  gun  tube.  When  this  band  passes  the  muzzle, 
the  gas  seal  is  released,  but  the  boattail  is  still  within  the  tube 
and  the  forward  portion  of  ths  projectile  is  immersed  in  the  expanding 
propellant  gases.  The  existence  of  asymmetry  in  this  flow  field  due 
to  projectile  angle  of  attack  results  in  transverse  load.;.  For  conical 
boatvail  rounds,  these  loads  alter  the  transverse  momentum;  however, 
due  co  the  cylindrical  'wheelbase'  characteristic  of  non-conical  boat- 
tail  designs  , momentum  exchange  occurs  only  when  the  non-planar 
surfaces  are  not  contacting  the  bore.  The  second  region  of  interest 
commences  as  the  projectile  base  clears  the  muzzle  and  terminates  as 
the  base  passes  through  the  Mach  disc  of  the  propellant  gas  jet. 

In  both  regions,  the  analysis  seeks  an  upper-bound  estimate  of 
the  propellant  gas  loadings.  This  approacli  is  supported  by  previous 
upper-bound  estimates1’2  showing  that  muzzle-blast-  induced  dispersion 
of  fin-stabilized  projectiles  is  a negligible  component  of  the  tot^l 
measured  dispersion  levels.  Thus,  it  was  not  worthwhile  to  seek  more 
accurate,  but  lower  magnitude,  estimates. 

A.  Region  1:  Projectile  base  still  within  the  bore 

A schematic  of  the  flow  field  is  shown  in  Figure  1.  For  con- 
venience, the  flow  behind  the  projectile  is  assumed  to  be  sonic  (occurs 
for  Vp  as  700  m/s) . At  separation  of  the  obturating  band,  the  pro- 
pellant gases  are  released  to  expand  into  the  atmosphere,  generating 
the  characteristic  muzzle-blast  wave.  Due  to  the  presence  of  the 
projectile,  this  free  expansion  is  constrained  and  if  the  projectile 
is  at  an  angle  of  attack,  cxiv  relative  to  the  bore-line,  the  propellant 

gases  will  be  deflected.  Assuming  that  the  projectile  acts  somewhat 
like  a plug  nozzle  and  that  all  of  the  flow  is  deflected  through  the 
angle  at  the  sonic  line,  the  resultant  transverse  lift  force  cn  the 

projectile  can  be  simply  estimated  from  momentum  considerations: 

Lx  = (p*  + p*V*2)  A^  (1) 

where  A^  is  the  area  of  the  muzzle  that  is  unplugged  (a  function  of 

boattail  geometry),  p*  is  the  pressure  at  the  muzzle,  p*  is  the  gas 
density  at  the  muzzle  and  V*  is  the  gas  velocity  at  the  muzzle. 

Equation  (1)  is  an  estimate  for  a stationary  projectile.  It  may 
be  corrected  to  account  for  projectile  velocity.  Consider  a coordinate 
system  moving  with  the  projectile.  The  velocity  of  the  fluid  in  this 
system  is  given  as  V . If  the  fluid  near  the  projectile  is  deflected 


to  flow  parallel  to  the  projectile  surface,  the  transformation  between 
the  stationary  and  moving  coordinates  is 

Vr  exp  (ia  j)  = V exp  (ia)  - Vp  (2) 

where  a is  the  turning  angle  for  the  fluid  in  the  gun-tube  coordinate 
system,  V is  the  local  velocity  and  Vp  is  the  projectile  velocity. 

We  obtain: 

a = (1  - Vp/V)  Uj  (3) 

The  largest  value  for  a corresponds  to  the  Mach  number  of  the  fluid 
approaching  infinity.  For  Vp  = V*,  the  limiting  value  of  V is  3 Vp 

and  thus, 

a = 20^/3  (4) 

Thus  to  correct  the  lift  force  for  projectile  motion,  we  replace  a.  by 
2a^/3  in  Equation  (1).  Using  the  isentropic  flow  relations,  we 

obtain 

Lx  = | (Y+l)  p*  A^  (5) 

The  transverse  momentum  transferred  to  the  projectile  during  the 
time  between  obturator  separation  and  base  emergence  from  the  muzzle  is 
the  integral  of  the  lift  force  over  the  time  of  passage.  Transforming 

the  variable  of  integration  from  time  to  distance,  t = (X/D)  CD/V  ), 

P 

allows  the  momentum  integral  to  be  written: 

= § (Y+l)  (D/Vp)p*ot^  J' A^jfX/D)  (6) 

where  X is  the  distance  traveled  since  unplugging  started  and  D is  the 
bore  diameter  of  the  gun  tube. 

Nonconical  Boattails. 

The  value  of  depends  upon  the  boattail  geometry  because  of 

the  appearance  of  the  vent  area  term,  A^,  under  the  integral  sign. 

This  expression  is  addressed  in  detail  in  Appendix  A where  it  is 
found  for  nonconical  boattail  •>  that 

Px  = (16n/45)(Y+l)(p*D3/Vp)03/2c.1(X/D)5/2  (7) 

where  n is  number  of  plane  boattail  surfaces  and  0 is  the  boattail 
angle.  The  total  amount  of  momentum  transferred  to  the  projectile 
by  the  venting  flow  is  obtained  by  evaluating  this  expression  at 
the  maximum  travel  of  the  round,  i.e.,  when  the  projectile  base  is  at 


the  muzzle  exit  plane,  For  nonconical  boattalls  that  terminate  in  a 
polygon  shape: 


t,lt  * [tt5/  (90n4)  j (y+1)  fp*D3/  (GVp)  Joj  (8) 

_ It  is  useful  to  define  a nondimensiona)  momentum  transfer  function, 
P,  similar  to  that  developed  in  Reference  4, 

P 5 P/[(D/V  HY+l)p*Aeq0l]  (9) 

For  nonconical  boattail  projectiles,  the  surfaces  are  treated  as 
miniature  airfoils.  In  Reference  4,  it  was  shown  that  the  equivalent 
lifting  surface  area  for  a multiple-finned  missile  is  = nA/2  for 

the  lift  vector  in  the  angle-of-attack  plane.  Since  the  nonconical 
designs  have  only  one  surface  to  the  ’’airfoil",  the  following  definition 
is  used: 


A = pA/4.  (10) 

eM 

where  A is  the  area  of  each  plane  surface. 

This  definition  permits  the  momentum  transfer  functions  to  be 
written  (See  Appendix  A,  Equations  A9  and  All) 

Pj  = (128/15)  (n/ir) 3 (8X/D)5/2  (11) 

and 

Plt  = (4ir2)/(15n2)  (12) 

Conical  Boattails. 

Using  the  same  approach,  the  momentum  transfer  function  for  a 
conical  boattail  design  is 


Pj  = (tr/3)  (y+1 ) (p*D3/Vp)9a1  (X/D)2 

and  in  nondimensional  form,  with  A = ttD2/4: 

eq 


(13) 


4.  K.  S.  Pansier  and  E.  M.  Schmidt , "The  Influence  of  Muzzle 

Gaadynamics  Upon  the  Trajectory  of  Fin-Stabilized  Projectiles, " 
BRL  R 1793,  U.  S.  Army  Ballistic  Research  Laboratory,  Aberdeen 
Proving  Ground,  MD,  June  1975.  AD  BC05379L. 
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(M) 


= (4  0/S)(X/l>)2 


B . Ro^i on  Pro ject ilc  Base  out  of  the  gun  tube 
Nonconical  Boattails. 


There  are  no  data  available  describing  the  aerodynamics  of 
nonconical  boattails  in  reverse  flow.  Since  the  three-dimensional 
nature  of  the  muzzle  flow  makes  direct  computation  difficult,  the  lift 
force  on  the  boattail  will  be  estimated  using  two-dimensional  airfoil 
theory.  This  approximation  neglects  any  effects  of  base  bluntness 
due  to  truncation  of  the  boattail;  however,  the  side  force  cn  a bluff 
body  is  generally  smaller  than  that  on  a slender  body  at  an  equal  angle 
of  attack.  Therefore,  the  current  approximation  should  produce  an 
upper  bound  on  the  transverse  force  exerted  on  these  nonconical 
surfaces  by  muzzle  gas  loadings.  The  value  of  P_(X/D)  can  be  obtained 

directly  from  earlier  results  using  the  definition  of  A in 

eq 

Equation  (10) . The  center  of  force  is  taken  as  the  area  centroid  for 
the  plane  surfaces.  This  center  of  force  value  would  be  correct 
for  two-dimensional  supersonic  airfoil  theory  but  may  be  quite  different 
from  the  possible  actual  results.  Nevertheless,  for  this  analysis,  the 
approximation  should  be  sufficient  since  the  percent  error  between 
differing  possible  moment-arm  values  would  be  small. 


Conical  Boattails. 


The  transverse  force  on  conical  boattail  projectiles  is  estimated 
using  experimental  data5  acquired  on  blunt,  flared  sphere-cones 
at  a variety  of  Mach  numbers.  These  data  were  obtained  using  a sphere 
cone  where  the  ratio  of  the  diameter  of  the  cone  at  the  sphere- 
cone  junction  to  the  base  diameter  was  0.8.  The  smallest  cone  half- 
angle  of  this  set  of  data  was  10°.  For  the  purposes  of  the  present 
analysis,  it  is  desired  to  compare  the  muzzle  blast  sensitivity  of  a 
7°  nonconical  boattail  with  the  sensitivity  of  a similar  half-angle 
cone.  Thus,  the  data5  are  extrapolated  to  this  angle.  Figure  ?.  The 
center  of  force  is  taken  to  be  halfway  along  the  boattail  length. 


5.  A.  D.  Foster,  "A  Compilation  of  Longitudinal  Aerodynamic 

Characteristics  Including  Pressure  Information  for  Sharp  and 
Blunt-nose  Cones  Having  Flat  and  Modified  Bases , " Sandia 
Corporation  Report  No.  SC-R-64-1 '.311,  January  1965. 
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III.  RESULTS  AND  DISCUSSION 

The  M549  projectile  is  used  as  a basis  for  the  computations  since 
flight  data  are  available  on  this  round  with  both  the  standard  7°  boat- 
tail  and  a triangular  boattail.  The  properties  of  the  projectiles  arc 
given  in  the  tables  below. 

Table  I:  M549  Parameters  Independent  of  Boattail 
Mp  = 43.0  kg 
D = 0.155m 


Vp  = 670m/s 

p*  = 1.52  x 107  Pa 

Y = 1.25 

Cw  = 3.30 
M 

a 

CL  * 2.95 
a 

Ix  = 0.13  kg-rn2 

Table  II.  M549  Parameters  Dependent  on  Boattail 


Standard 

Conical 

Triangular 

NCBT 

Square 

NCBT 

% 

0.0189 

0.028 

0.016 

6(deg) 

7 

7 

7 

A(m) 

0.295 

0.293 

0.340 

*-0*0 

0.097 

0.347 

0.195 

Iy(kg-m2) 

1.93 

1.71 

1.71 

Here  A is  the  distance  between  the  force  acting  on  the  planar  surface 
and  the  center  of  gravity;!-  is  the  length  of  the  boattail. 

The  values  of  P through  both  the  in-bore  and  exterior  regions 
of  interest  are  shown  in  figures  3-5  for  the  three  boattails  considered. 

12 


The  coordinate  X is  the  location  of  the  projectile  center  of  pressure 
along  the  bore  axis,  with  X = 0 corresponding  to  the  muzzle.  Since 
the  momentum  transfer  function  is  cummulative,  the  asymptotic  value  of 
each  curve  is  equal  to  the  total  momentum  transferred  in  the  blast. 

From  Equation  (14),  it  is  apparent  that  the  P^  for  the  conical  boat- 

tail  has  an  explicit  dependence  on  H/D  and  0;  however,  for  the  non- 
conical  boattails  considered  (those  taken  back  to  the  intersection  of 
planar  surfaces),  this  is  not  the  case.  Pj  and  are  independent  of 

all  boattail  and  projectile  parameters,  i.e.f  the  curves  are  'universally' 
applicable  to  any  projectile  with  an  n-sided  nonconical  boattail 
launched  with  the  velocity  of  the  exit-gas  speed  of  sound. 

The  momentum  functions  are  used  to  compute  the  transverse  angular 
and  linear  velocities  imparted  to  the  projectiles  in  the  blast  region, 
using  the  approach  of  Reference  4.  These  velocities  are  input  to  the 
aerodynamic  jump  relations6  for  conical  boattails,  resulting  in 

0/a1  - [1+(C  A)/(C  D) ] (y+l)p*A  [D/(M  V 2)1  F (15) 

a a 4 F F 

For  nonconical  boattails,  the  working  equation,  using  Equations  (10) 
and  (A12),  is 

0/Oj  • [it3  (y+D/24]  [p*D3/(M  V 2)]  rWCL  A)/(CM  D)][Pt/n2e)] 

An  expression  for  the  first  maximum  yaw  may  also  be  derived6*. 

k |/a,  = [2  (y+1)  A AD2  p*  P«./(I  V 2)1/[(I  <j/  /I  )2-  ttPD5Cm  / (21  )l’a 
1 max1  1 11  eq  r t y p 1 1 xT  o y'  M y 

For  nonconical  boattails,  the  working  equation  is,  using  liquations  (A12) 
and  (10), 

l?max|/al  = [ ^ Cy+D/12]  [AD4  p*  iy(IyVp2  n20)] 

* [^o'V2  " n21y)]h  {W 

y a 1 

Here  J is  the  initial  spin  in  radians  per  caliber. 


(16) 

(17) 


6.  C . H.  Mwtp>hy,  "Free  Flight  Motion  of  Symmetric  Missiles,  " 

U.S.  Army  Ballistic  Research  Laboratories  Report  Number  1216 , 

Aberdeen  Proving  Ground,  Maryland,  July  1963.  AD  442757. 
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Thn  projectile  parameters  from  Tab*  „s  I and  II  with  the  above 
relations  are  used  to  determine  the  va»  ec  in  the  following  table: 

Table  III.  haunch  Dynamic  Characteristics 


Standard 

Square 

Triangular 

Conical 

NCBT 

NCBT 

0.21 

0.52 

0.48 

n-ax  1 /ctl  Cdeg/deg) 

0. 167 

0.57 

0.57 

a1  (mil /deg) 

0.051 

0.11 

0. 18 

1 (degs  for  la 
max1  v * A ,o. 

with  ctj  = 0.1  ) 

0.02 

0.04 

0.06 

Comparing  these  results  forG/a^  with  those  obtained  for  fin-stabilized 
projectiles1,  we  find  that  the  values  are  similar. 

Table  III  shows  that  the  jump  sensitivity  of  the  nonconical 
boattail  rounds  is  more  than  twice  that  of  the  standard  conical  boattail. 
However,  the  last  row  gives  the  contribution  to  the  first  maximum  yaw 
of  this  muzzle-blast-induced  jump.  For  a reasonable  distribution  of 
the  in-bore  yaw  level  (lo.otj  -0. 1°) , the  resultant  contribution  to 

the  first  maximum  yaw  is  0.06°  in  the  worst  case.  This  value  is  judged 
negligible  compared  with  the  frequently  observed  first -maximum  yaw 
values  for  the  M549  of  approximately  5°.  Since  the  first -maximum-yaw 
value  is  proportional  to  the  aerodynamic  jump,  we  may  infer  that  muzzle 
blast  contributes  only  a small  amount  to  the  total  observed  dispersion. 


IV.  SUMMARY  AND  CONCLUSIONS 

A model  is  developed  to  determine  the  effect  of  muzzle  gasdynamic 
loadings  upon  the  trajectory  of  spin-stabilized  projectiles  for  both 
conical  and  nonconical  boattail  configurations.  The  analysis  consists 
of  two  parts.  First,  the  passage  of  the  boattail  out  of  the  gun 
following  separation  of  the  obturator  is  addressed.  Second,  the  region 
exterior  to  the  muzzle  but  prior  to  the  projectile's  passage  through 
the  Mach  disc  is  modelled.  The  conical  boattail  aerodynamics  are 
determined  from  experimental  data  acquired  on  sphere  cones;  two- 
dimensional  airfoil  theory  is  applied  to  approximate  the  loadings  on 
nonconical  boattails. 

Expressions  for  t‘  j loadings  .'re  integrated  to  determine  the 
momentum  transferred  to  each  of  the  M549  projectile  configurations 
launched  at  a muzzle  velocity  of  670  m/s  from  a 155mm  gun.  The  non- 
conical boattail  configurations  are  found  to  be  more  than  twice  as 
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sensmye  to  blast  as  the  conical  design;  however,  in  neither  case  is 

!*Utw0n  t0  dlsPersion  due  to  muzzle  gasdynamic  loadings 
significant  when  compared  to  the  total  dispersion  of  the  gun  system. 


F hot*  f*  ft'  l • 


SONIC  LINE 


MUZZLE 
EXIT  PLANE 


Figure  1.  Flowfield  schematic 


MACH  NUMBER 


Figure  2.  Experimental  and  extrapolated  lift  data  for  sphere-cones 
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Figure  3.  Momentum  function  for  the  conical  549  boattai 
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Figure  4.  Momentum  function  for  the  square  boattai 1 
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Figure  5.  Momentum  function  for  the  triangular  boattail 


Figure  6.  Cross-section  of  nonconical  boattail  in  muzzle  plane 
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APPENDIX  A.  EXPRESSION  FOR  TRANSVERSE  MOMENTUM 

In  order  to  evaluate  the  integral  in  Equation  (6),  it  is 
desirable  to  obtain  closed-form  expressions  for  A^. 

A.  Nonconical  Boattail 


Figure  6 shows  the  cross  section  of  a boattail  in  the  muzzle 
plane.  The  bore  radius  is  R and  the  area  of  the  circular  segment  can 
be  readily  determined  to  be 

A = R2  (a  - sin2a/2)  (Al) 

1 

The  expression  in  brackets  may  be  expanded  in  series  yielding: 


(A2) 


In  keeping  with  the  upper  bound  approach, the  series  is  truncated  after 
the  first  term  to  give 

Au  = D2a3/6  (A3) 


The  distance  BC,  Figure  6,  is 

BC  = R[ l-cos(a) J 

= j (a2  - a4/12  + •• •)  (A4) 

However,  BC  is  also  related  to  the  boattail  angle  and  the  length,  X, 
of  the  nonconical  surfaces  protruding  beyond  the  muzzle  plane. 


BC  - X tan0 

Assuming  small  6 and  taking  the  first  term  in  the  series  of 
Equation  (A4)  gives 


a2  = 40  X/D 

which  can  be  substituted  into  Equation  (A3): 

A = (4D2/3)  (X/D)3/20 
For  an  n-sided  boattail, 


3/2 


\i  = ^u  =(4nD2/3)  (X/D)3/29  3/2 


(A5) 


(A6) 


(A7) 


(A8) 
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This  formulation  for  Au  may  he  substituted  into  liquation  (6) 
and  integrated  to  provide 

P1  = (y+1)  [ 16  noV^/45  Vp]  03/2  (X/D)5/2  (A9) 

If  the  boattail  terminates  where  the  planar  surfaces  intersect,  then 

am  = Tt^n‘  (A10) 

This  permits  the  evaluation  of  the  total  momentum  transferred  in-bore: 

Plt  = (^5/90  n4)(Y+l)(p*D3/fiVp)  (All) 

This  type  of  boattail  has  a surface  area  that  can  be  readily  computed. 
Since  the  surface  is  an  ellipse  formed  by  intersecting  the  cylindrical 

body  with  a plane  at  angle  6 to  the  axis. 


t- 


f 


r 


f 

b 

t 

I 


A = A /0  (evaluated  at  the  muzzle  station) 


= D2  ( fr/n)  3/  (6  0)  (A12) 

B.  Conical  Boattail 

The  unplugged  area  ’’ s 

Au  = 1t(r2  “ r2)  (A13) 

where  r is  the  diameter  of  the  section  of  the  boattail  passing  the 
muzzle  plane.  Since  R-r  = X tan  6^X0, 

Au  = v ^2R  " - -e  ♦ (A14) 

which  may  be  substituted  into  Equation  (6)  to  give 

P1  = (^/3)(Y+l)(p*D3/Vp) 6 (X/D)2  oj  (A15) 


LIST  OF  SYMBOLS 


angle  defined  in  Figure  6 

area  of  a plane  surface  of  the  nonconical  boattail 

the  equivalent  area  of  an  airfoil  in  two 
dimensional  flow 

the  area  at  the  muzzle  that  is  unplugged 

projectile  drag  coefficient  in  muzzle  blast 

slope  of  he  lift  coefficient  curve  for  forward 
flight 

slope  of  the  static  moment  coefficient  curve  in 
forward  flight 

the  diameter  of  the  bore  and  projectile 

axial  moment  of  inertia 

transverse  moment  of  inertia 

the  lift  force  on  the  projectile 

lift  force  on  projectile  in  the  first  part  of  its 
transit 

length  of  boattail 
projectile  mass 

the  number  of  plane  surfaces  possessed  by  the  boattail 
pressure 

the  momentum  given  the  projectile 

momentum  given  the  projectile  during  the  first  part 
of  the  projectile's  transit 

the  value  of  P nondimensionalized  according  to 
Equation  (10) 

the  total  amount  of  P imparted  by  the  muzzle  blast 
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LIST  OF  SYMBOLS  (CONTINUED) 


t 

V 

V 

p 

V 

r 

X 

X 


a 


*1 


A 


K 


0 

0 

P 


= time  variable 
= local  velocity  of  gases 
= velocity  of  projectile 

= velocity  of  gases  relative  to  a coordinate  system 
located  on  the  projectile 

a position  along  the  axis  of  the  center  of  force 
for  the  projectile  relative  to  the  muzzle 

= distance  traveled  since  unplugging  started 

= axis  coordinate  in  the  angle  of  attack  plane  that  is 
perpendicular  to  the  x-axis 

= maximum  angle  between  projectile  and  gun-tube  axis- 
angle  of  attack 

= angle  determined  by  a and  fluid  flow  velocity  relative 
to  the  projectile 

= angle  of  attack  upon  emergency  from  muzzle 
= angle  cf  attack  upon  emergency  from  muzzle  blast 
= derivatiV'  of  a with  respect  to  distance  in  calibers 
= value  of  a / upo.i  emergency  from  muzzle  bl*st 
= ratio  of  specific  heats 

= distance  from  center  of  force  to  center  of  gravity  for 
flight  through  muzzle-blast  region 

= complex  angle  of  attack 

= roll  angle  of  projectile 

= boattail  angle 

= aerodynamic  jump 
= local  density  of  gases 
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